Abstract. We conducted travel time tomographic inversion to image seismic velocity structures (Vp, Vs, and Vp/Vs ratio) with simultaneous hypocenter adjustment beneath the Guntur volcano complex that is located in the Garut district, West Java province, Indonesia. The Guntur volcano is one of the active volcanoes in Indonesia, although large eruptions have not occurred for about 160 years. We used volcanic and tectonic earthquakes catalog data from seismic stations deployed by Centre for Volcanology and Geological Hazard Mitigation (CVGHM). For the tomographic inversion procedure, we set grid nodes with a horizontal spacing of 2 x 2 km 2 and an average vertical spacing of 2 km. Our results show low Vp, low Vs, and high Vp/Vs ratio regions beneath the Guntur crater and the Gandapura caldera at depths of 6-8 km and 7-9 km, respectively. These features can be associated with amelt-filled pore rock structure. However, a low Vp/Vs ratio and low velocities are exhibited beneath the Kamojang caldera at depths of 2-6 km that may be associated with rock with H 2 O-filled pores with a high aspect ratio.
Introduction
Indonesia is located in a very active tectonic region that is influenced by four major tectonic plates, i.e. the Eurasian, Indo-Australian, Caroline (Western Pacific) and Philippine Sea plates. As a result, Indonesia has 128 active volcanoes and high seismicity activity along the subduction zones within the Indonesian archipelago ( Figure 1 ). In this tomographic study, we chose the Guntur volcano complex that is located in Garut, West Java, to investigate physical properties beneath this active volcano. The complex of the Guntur volcano includes the summit, crater, and caldera [1] . The Guntur volcano complex has two calderas, i.e. (i) the older Kamojang caldera in the western part, a geothermal area where a power plant is running, and (ii) the younger Gandapura caldera in the eastern part ( Figure 2 ). The last large eruption of the Guntur volcano occurred in 1847, which produced a tholeiitic basaltic flow reaching the Cipanas village near Tarong, about 4 km southeast of the Guntur crater [2] . In order to prepare for volcano hazard mitigation, we conducted a tomographic inversion to enhance our understanding of the geological features and physical properties of the Guntur volcano complex. 
Data and Methods
In this study, we used P and S arrival time data of volcanic and tectonic earthquakes provided by the CVGHM, inverted for three-dimensional velocity structures (Vp, Vs, and Vp/Vs) beneath the Guntur volcano complex. We applied the SIMUPLS12 method [4] [5] [6] [7] [8] to determine the 3-D Vp and Vp/Vs structures and simultaneously the hypocenter relocation. Predicted arrival times through the 3-D structure were calculated for ray paths using the pseudobending technique of Um and Thurber [9] . We used selected events provided by the CVGHM from 1995 to 2007. We did not use all earthquake events during that time period. Only those earthquake events were chosen that had a large number of picked arrival times (generally over 6 stations) and covered the region as well as possible. In total, 490 events with 4686 P and 2343 S arrival times from 20 stations were used in this study for the tomographic inversion ( Figure 3 ). The spatial resolution and setting of grid nodes for the Vp and Vp/Vs inversion depended on the earthquake distribution, station distribution, and ray coverage. We used a horizontal grid spacing of 2 x 2 km 2 and a vertical spacing of 2 km, which provide a fairly high spatial resolution and are relatively stable for the inversion. During the tomographic inversion, we applied damping in order to stabilize the inversion processes. The purpose of damping is to a give a solution of the grid nodes without ray paths to bias relative to the initial velocity model, and to smoothen the model. The optimum damping values were selected from a tradeoff curve comparing data variance (misfit) with model variance, which showed a significant reduction in the data variance with a moderate increase in the solution variance (Figure 4) . The optimal damping value varies with the amount and the distribution of the data, and the size and spacing of the grid model [8] . We started the tomographic inversion with an initial 1-D velocity from our previous work about the Guntur volcano complex [10] . We used an initial Vp/Vs value of 1.80 [11] . The resolution of the tomographic model was evaluated using a checkerboard test, a diagonal resolution matrix, and a ray-hit count (Figures 5 and 6 ). The checkerboard test pattern was set with alternating fast and slow velocities at each grid point, with a contrast of 10% relative to the reference velocity model. A synthetic set of travel times was created for the checkerboard velocity pattern using the same ray paths as used in the real data inversion and then the synthetic data were inverted to explore how well the checkerboard pattern was recovered. The diagonal resolution element matrix [12] ranges from 0.0 to 1.0, where 0.0 is unresolved and 1.0 is completely resolved. 
3
Tomographic Inversion Results Figure 5 shows vertical cross sections (AA', BB', CC', DD', EE', and FF') of the the recovered checkerboard test along with the diagonal resolution matrix, and the ray hit count. Figure 6 shows horizontal map views of the recovered checkerboard pattern, the diagonal resolution matrix, and the ray hit count at a depth of 0 km (which is associated with the mean sea level -MSL), 2 km, 4 km, 6 km, and 8 km. There is a good resolution beneath the Guntur crater, the Gandpura caldera, and the eastern part of Kamojang at depths of 4 to 10 km. These areas are related to a high diagonal resolution matrix and high ray hit count values.
The results of the tomographic inversion for the vertical and horizontal sections through the Guntur complex are shown in Figures 7 and 8 , respectively. Vp and Vs tomograms are shown as percentage differences from the initial 1-D model and Vp/Vs were plotted using the absolute values. The obtained relocated hypocenters became more focused beneath the Guntur crater and the Gandapura caldera as shown in Figure 3 .
For profiles beneath the Guntur crater (AA' and EE') in Figure 7 , low velocity and high Vp/Vs ratio anomalies were detected at depths of 6 to 8 km. Profiles beneath the Gandapura caldera (BB' and EE') in Figure 7 show similar features of the low velocity and high Vp/Vs ratio values at depths of 7 to 9 km. Opposite features of anomalies of the low Vp/Vs values and low P-and S-velocities were observed beneath the Kamojang caldera at depths of 2 to 6 km (CC' in Figure  7 ).
For the horizontal map views shown in Figure 8 , small areas of low velocity anomalies and high Vp/Vs ratio values were observed (107.86˚and -7.14˚ coordinate) in the eastern part of the Guntur crater at a depth of 6 km, and these anomalies also appear at a depth of 8 km beneath the southern part of the Guntur volcano. In the northern part of the Kamojang caldera, low velocity anomalies and high Vp/Vs ratio values were observed at a depth of 8 km.
Discussion
The tomographic inversion results show low velocity anomalies and high Vp/Vs values beneath the Guntur summit and the Gandapura caldera at a depth of 6 to 8 km, and 7 to 9 km, respectively. These features are very interesting for active volcanic areas. Previous studies concluded that the existence of melt-filled pores and/or H 2 O-filled pores apparently lowers seismic velocity and increases the Poisson's ratio [13, 14] . Hence, according to our interpretation of the low velocity and high Vp/Vs ratio anomalies beneath the Guntur summit and the Gandapura caldera, they may be associated with the melt-filled pores of the rock. The interpreted melt-filled pores of the rock beneath the Guntur summit may be related to a weak zone or a heat source and may trigger seismic activity beneath the active volcano. In the Kamojang region, a geothermal power plant has been operated for years. The anomaly beneath the Kamojang caldera exhibits low velocity and Vp/Vs values. In previous studies, these phenomena were related to the existence of H 2 O-filled pores with a large aspect ratio [e.g. 11].
Concluding Remarks
We have conducted simultaneous inversion for velocity structures and hypocenter adjustment. Our results show anomalies of low P-and S-velocity and a high Vp/Vs ratio beneath the Guntur summit and the Gandapura caldera that are interpreted to be related to melt-filled pores in the rock [cf. 13, 14] . This interpretation is in good agreement with a recent study on the seismic attenuation tomography of Mt. Guntur by Priyono, et al. [15] . They concluded that the high seismic attenuation beneath the Guntur volcano system may be interpreted as a hot volcanic material zone or rock with melt-filled pores. These geological features are of importance to have a detailed understanding of the physical characteristics for volcano hazard mitigation.
